We examine the effects of seawater pCO 2 concentration of 25, 41, and 76 kPa (250, 400, and 750 matm) on the growth rate of a natural assemblage of mixed phytoplankton obtained from a carefully controlled, 14-d mesocosm experiment. Throughout the experiment period, in all enclosures, two phytoplankton taxa (microflagellates and cryptomonads) and two diatom species (Skeletonema costatum and Nitzschia spp.) account for approximately 90% of the phytoplankton community. During the nutrient-replete period from day 9 to day 14 populations of Skeletonema costatum and Nitzschia spp. increased substantially; however, only Skeletonema costatum showed an increase in growth rate with increasing seawater pCO 2 . Not all diatom species in Korean coastal waters are sensitive to seawater pCO 2 under nutrient-replete conditions.
Since the industrial revolution, human activities have released ever-increasing quantities of CO 2 into the atmosphere. However, only about half of this CO 2 has remained in the atmosphere; the rest has been absorbed into the ocean and land biosphere. The global oceanic sink of fossilfuel CO 2 has been estimated to be 118 6 19 petagrams of carbon, accounting for 30% of the total emission during the period from 1800 to 1994 ). The fossilfuel CO 2 absorbed by the ocean is not evenly distributed throughout the depths because it is taken up by the ocean through air-sea gas exchange. The highest concentrations of fossil-fuel CO 2 are found in the upper oceans. Away from the wind-driven upper oceans or deep water formation regions, fossil-fuel CO 2 can only penetrate to deeper depths by slow diffusive processes, and, as a consequence, the concentration of fossil-fuel CO 2 is below the current detection limits in much of the deep ocean .
The absorption of fossil-fuel CO 2 has profoundly changed the upper ocean carbonate chemistry (Chung et al. 2004; Feely et al. 2004) ; for example it has led to an increase in gaseous CO 2 concentration and a decrease in pH and carbonate ion (CO 22 3 ) concentration, which has in turn served to lower the saturation state of seawater with respect to biogenic calcite and aragonite. Over the typical range of surface water pH (7.8-8.2 (,9%) . Less than 1% of the total dissolved inorganic carbon is in the form of gaseous CO 2 . Riebesell et al. (1993) first suggested that some large phytoplankton species may rely on CO 2 diffusion through the cell membrane for growth and, therefore, that the low concentration of CO 2 (5-15 mmol kg 21 ) in the present-day surface ocean would likely hinder phytoplankton growth. When in a low CO 2 environment some phytoplankton species can alternatively take up HCO 2 3 and convert it to CO 2 in a reaction catalyzed by the enzyme carbonic anhydrase (Kaplan and Reinhold 1999) . Therefore, a progressive increase in surface water pCO 2 concentration may lower the metabolic cost for phytoplankton to acquire inorganic carbon, thereby increasing the growth rate of the phytoplankton (Rost et al. 2003; Engel et al. 2005) .
The picture of carbon acquisition by phytoplankton outlined above has been challenged in several independent studies, which have suggested that dissolved inorganic carbon is not a limiting factor for marine primary production (e.g., Raven and Johnston 1991; Falkowski 1994) . The concentration of gaseous CO 2 (,10 mmol kg 21 ) in seawater equilibrated with the present-day atmospheric pCO 2 is significantly lower than the half-saturation constant of ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco, K m 5 20-200 mmol kg 21 ) (Badger et al. 1998 ), a key enzyme in carbon fixation. To overcome both the low concentrations of gaseous CO 2 in seawater and the low CO 2 affinity of Rubisco, many marine phytoplankton species increase their intracellular CO 2 concentrations by means of carbon concentrating mechanisms (Raven 1997; Raven and Falkowski 1999; Tortell et al. 2000) .
Data on the effect of pCO 2 on phytoplankton growth derived from the numerous laboratory and field experiments that have been performed over the past two decades are difficult to fully reconcile. A carefully controlled mesocosm experiment would potentially be useful for testing the effect of pCO 2 elevation on phytoplankton growth because the mesocosm approach can offer experimental conditions that are as close as possible to the natural environment in terms of fluctuations of light and temperature. Previously, mesocosm experiments have been conducted to investigate the effects of increased pCO 2 on calcification rates of selected marine organisms (Engel et al. 2005) , on the elemental composition (C : N : P) of phytoplankton (Burkhardt et al. 1999; Engel et al. 2002) , on the accumulation of chromophoric dissolved organic matter , and on the temporal changes of transparent exopolymer and dissolved organic carbon production (Engel et al. 2004) . However, only a few mesocosm-based studies have examined the effects of increasing pCO 2 on the growth rate of a natural phytoplankton assemblage (Engel et al. 2005) . The knowledge gained from additional mesocosmbased studies would allow us to predict the response of marine ecosystems to elevated pCO 2 concentrations.
In this paper we present results from a controlled mesocosm experiment that was performed to investigate the growth rate enhancement of a natural assemblage of mixed phytoplankton in response to rising seawater pCO 2 , encompassing concentrations ranging from preindustrial levels to those predicted for the year 2100. The response of two diatom species to rising levels of seawater pCO 2 was investigated under the nutrient-replete conditions.
Analytical methods
Mesocosm setup and sampling-The present mesocosm experiment was conducted for 14 d, between 26 November and 09 December 2004, at the South Sea Institute of the Korea Ocean Research and Development Institute in Jangmok (34.6uN and 128.5uW), located near the southern coast of Korea. Nine impermeable polyethylene enclosures (0.53 m in diameter and 0.8 m in height) were moored to a polyethylene float. Prior to filling the enclosures, about 2,000 liters of seawater was pumped from a depth of 1 m adjacent to the floating frame, passed through a filter with a pore size of 60 mm in order to remove most zooplankton and higher trophics, and then stored in a 2,500-liter sample container. To minimize possible differences in cell concentration between the nine enclosures in the initial phase, all enclosures were simultaneously filled from the 2,500-liter sample container, with each enclosure receiving ,150 liters of the filtered seawater. The mesocosm system and ancillary components are not shown here because they are similar to those used by Engel et al. (2005) , with the exception that our enclosures were considerably smaller than theirs (,11,000 liters).
After filling the enclosures with filtered seawater, the seawater pCO 2 levels in the enclosures were manipulated to achieve three levels, with each pCO 2 level being replicated in three enclosures. The three target pCO 2 values of 25, 41, and 76 kPa (250, 400, and 750 matm) were chosen to simulate the preindustrial, present-day, and predicted year 2100 atmospheres, respectively. The pCO 2 value of 76 kPa for the year 2100 atmospheric CO 2 concentration was chosen on the basis of model projections under the ''business-as-usual'' scenario (Houghton et al. 2001) . Within a day, the target seawater pCO 2 levels were achieved by bubbling either nitrogen (99.999%), ambient air, or air containing 3% CO 2 through the seawater via 0.5-mm porous tubes (,2 m in perimeter and ,1 cm in diameter). Once the target seawater pCO 2 concentrations were achieved, the atmospheric pCO 2 levels in the mesocosms were manipulated to achieve the target values by continuously releasing into the mesocosm atmosphere air with the appropriate pCO 2 value (25, 41, or 76 kPa). The enclosures were not completely sealed on their tops, thereby avoiding overpressure within the enclosures during the CO 2 -containing air release process.
Because the process of measuring seawater pCO 2 using an infrared/equilibrator-based pCO 2 measurement system has the unwanted effect of removing phytoplankton cells from the enclosures, we used uncalibrated pH as a surrogate for pCO 2 in the seawater samples within the enclosures. Hence, in the 14-d experiment period, uncalibrated pH in seawaters within the enclosures was continuously measured using pH electrodes that provide millivolt (mV) signals proportional to pH. The pH sensors then internally converted the measured millivolts to pH values using a theoretical slope of 259.16 mV per unit pH change and a signal of 0 mV at pH 5 7.0 for all electrodes. The resulting seawater pH values in the enclosures were then converted to the corresponding pCO 2 levels using pH2pCO 2 relationships derived from uncalibrated pH values measured on seawater samples with known pCO 2 values (Fig. 1 ). The pH2pCO 2 relationships derived for the nine pH electrodes differed slightly because each pH electrode has a unique Nerstian slope, and therefore a unique trend with changing pCO 2 . We only directly measured the seawater pCO 2 in the enclosures using the infrared/equilibrator-based pCO 2 system immediately after the final sampling on day 14. The directly measured pCO 2 values were consistent with those obtained using the pH measurements and pH2pCO 2 relationships. The infrared/ equilibrator-based pCO 2 system used in the present study is similar to one developed by Wanninkhof and Thoning (1993) . This system measures CO 2 concentration using a LiCor (model 820) infrared analyzer in air that reached equilibrium with the seawater sample within the equilibrator.
During the prebloom period (days 1-8), the N concentration in all enclosures was lower than 0.2 mmol kg 21 , whereas the P and Si concentration remained ,0.2 and ,10 mmol kg 21 , respectively. To initiate the development of a bloom in the final phase of the experiment (days 9-14), the same amount of a NaNO 3 -Na 2 HPO 4 mixture was added to each enclosure on day 8, yielding concentrations of ,23 mmol kg 21 nitrate (N) and ,0.9 mmol kg 21 phosphate (P). Subsequent to the nutrient addition, the concentrations of N, P, and Si decreased sharply during the remaining period. All enclosures were sampled daily at ,15:00 h from ,1 m depth for 14 d, starting the day (day 1) before the seawater pCO 2 in all enclosures reached the target values on day 2.
The bay in which the enclosures were located is surrounded by several islands, which suppressed winddriven turbulence within the bay. Therefore, the seawater within each enclosure was not vigorously mixed to ensure homogeneity of the phytoplankton population. To minimize the possibility of sampling bias due to inhomogeneous distribution of phytoplankton within the enclosure being sampled, the seawater in each enclosure was mechanically mixed before sampling.
Measured parameters-A total of 2 liters of seawater was taken from each enclosure for measurements of biological parameters. An aliquot (,500 mL) of the seawater sample was preserved with Lugol's iodine solution and analyzed immediately after the mesocosm experiment using a light microscope equipped with a Sedgwick Rafter counting chamber. Using this apparatus, we identified the dominant phytoplankton groups and determined their concentrations as well as the cell concentrations of other phytoplankton species. The phytoplankton identification and cell counting procedure was repeated three times for each sample. For each species, the mean cell concentration obtained by averaging the three separate cell counts was used to calculate the net growth rate of that species. The average uncertainty in cell counting was less than 10% of the total population of each species. The mean growth rate (m) for each phytoplankton taxa or species during the study period was calculated from regressions of plots of the natural logarithm of the daily cell count against time, and the uncertainties in the values obtained were taken as the standard errors of the regression coefficients. Samples for nutrient analysis (NH , and Si(OH) 4 ) were collected by filtration through a Whatman GF/F filter of pore size 0.7 mm and were analyzed using a flow injection analyzer (Quickchem 8000) (Parsons et al. 1984) .
For particulate organic carbon (POC) and nitrogen (PON) collections and analysis, suspended particles were collected on glass fiber filters with a nominal pore size of 0.7 mm (Karl et al. 1991; UNESCO 1994) . Duplicate samples were taken for the POC and PON determinations. After filtration, the wet filters were dislodged from the filter holders with a pair of stainless steel tweezers and placed into a shallow cavity in a clean Plexiglas transport box. The transport box containing the wet filters was then dried at ,50uC for 2 d. Immediately prior to analysis, using a clean pair of tweezers, the dried filters were folded in Sn foil and palletized. A CHN elemental analyzer (Thermofinnigan, EA1112) was used to determine the amounts of POC and PON on the dried filters. The technical details of the CHN analyzer are given elsewhere (Sharp 1974) .
For dissolved organic carbon (DOC) analysis, each seawater sample was filtered through a precombusted GF/ F 0.7-mm filter and 20 mL of the filtered sample was collected in a precombusted 30-mL glass vial (Corning 430052). After collection, the filtered seawater sample was immediately acidified with ,10% H 3 PO 4 solution and purged with ultrapure O 2 gas for ,10 min to remove dissolved inorganic carbon (DIC). One hundred microliters of the DIC-free subsample was then injected into the combustion tube of a Shimadzu TOC-V CPH total organic carbon analyzer for the oxidation of DOC to CO 2 , which was facilitated by a platinum catalyst at 650uC. The liberated CO 2 was subsequently measured using an infrared detector. On each day measurements were performed, a three-point calibration curve was constructed using potassium phthalate standards freshly prepared in Milli-Q water. These standards covered a DOC concentration range of 0 to 830 mmol kg 21 and were run once per Fig. 1 . pH2pCO 2 relationships derived from pH and pCO 2 measurements conducted on the same seawater samples with varying pCO 2 values covering 26 to 68 kPa. These empirical pH2pCO 2 relationships were used to convert measured seawater pH values to pCO 2 . Each group consisted of three enclosures; the enclosures in each group were treated with the same pCO 2 concentration (25, 41, or 76 kPa). Shown are three representative pH2pCO 2 relationships derived for one enclosure from each group. day. All DOC measurements reported here represent the mean of three injections from each sample.
Throughout the mesocosm experiment, the temperature and salinity in the enclosures were measured daily using a SeaBird 19 conductivity-temperature-density profiler. In particular, the salinity measurements were used to check for changes in salinity indicative of sample contamination from sources such as inadvertent introduction of adjacent bay waters. One of the enclosures treated with 76-kPa pCO 2 was found to have been contaminated with bay water through holes in the enclosure. Therefore, data collected from this defective enclosure were not used in the present study.
Statistical treatment of results-Data obtained from the mesocosm experiments were treated with analysis of variance (ANOVA). To determine whether changes in the growth rate of phytoplankton in response to changes in seawater pCO 2 were statistically significant, the ANOVA compared the differences among the growth rates within enclosures treated with the same pCO 2 with those among the three different pCO 2 treatments by calculating the F value (Keller and Warrack 1999) . If the p value is smaller than 0.05, the ANOVA test suggests that the growth rate of the phytoplankton tested in our experiment is sensitive to the seawater pCO 2 concentration.
Results and discussion
Atmospheric and seawater pCO 2 within the enclosuresThe atmospheric and seawater pCO 2 levels in the mesocosms reached their target values by day 3 of the 14-d experiment. After this initial adjustment period, the atmospheric pCO 2 levels in the mesocosms were maintained close to the target values by continuously releasing air with the appropriate pCO 2 value of 25, 41, or 76 kPa (250, 400, or 750 matm) into the atmosphere of each mesocosm. By contrast, the seawater pCO 2 levels in the mesocosms decreased with time (Fig. 2a) , largely because of photosynthetic use of carbon, as shown in the next section.
The seawater pCO 2 values in the enclosures treated initially with 25-and 41-kPa pCO 2 remained close to target values from days 3 to 8 (Fig. 2a) . By contrast, the seawater pCO 2 in the 76-kPa-treated enclosures decreased significantly from ,76 kPa on day 3 to ,66.9 kPa on day 5 and remained approximately constant thereafter (days 5-8) (Fig. 2a) . Over the initial 8 d, the seawater temperature in all enclosures decreased by ,1uC from 15uC on day 1 to 14uC on day 8. This temperature decrease that occurred in all enclosures during this period would be expected to lower the seawater pCO 2 to the observed level. The temperatureinduced change in seawater pCO 2 can be approximated as a ,4.2% decrease in seawater pCO 2 per uC temperature decrease (Takahashi et al. 1993; Lee and Millero 1995; Lee et al. 1996) . Our observation of a negligible change in seawater pCO 2 in the enclosures treated with 25-and 41-kPa pCO 2 suggests that the flux of CO 2 from the mesocosm atmosphere approximately compensated for the pCO 2 reduction due to the temperature decrease. The more complicated trend we observed in the seawater pCO 2 in the 76-kPa-treated enclosures-a decrease from ,76 kPa on day 3 to ,66.9 kPa on day 5 followed by approximately constant pCO 2 from days 5 to 8 (Fig. 2a) -can be accounted for as follows. The approximately 9 kPa decrease in seawater pCO 2 from days 3 to 5 was probably due to efflux of CO 2 from the 76-kPa-treated enclosures caused by occasional failures in the system controlling the mesocosm atmospheric pCO 2 values. The nearly constant seawater pCO 2 in the 76-kPa-treated enclosures from days 5 to 8 suggests that, during this period, the flux of CO 2 from the mesocosm atmosphere approximately compensated for the pCO 2 reduction due to a decrease in temperature.
Following the addition of N and P to the mesocosms on day 8, a significant reduction in seawater pCO 2 occurred in all enclosures that continued until the end of the experiment. During this period, the seawater pCO 2 in the enclosures decreased substantially, by ,15 kPa for the 25-kPa-treated enclosures, ,25 kPa for the 41-kPa-treated enclosures, and ,23 kPa for the 76-kPa-treated enclosures. The decrease in seawater temperature over this time period was too small (less than 0.5uC) to account for the observed decrease in seawater pCO 2 . Therefore, the large decreases in seawater pCO 2 in the enclosures can be attributed to photosynthetic use of CO 2 .
During the N 2 bubbling process over a day (day 3), the seawater O 2 concentrations in the 25-kPa-treated enclosures decreased by ,18%, compared with those in the 41-kPa-and 76-kPa-treated enclosures (Fig. 2b) . This decrease in O 2 concentrations occurred only in the 25-kPatreated enclosures because the other sets of enclosures were treated with air containing O 2 and target concentrations of CO 2 (41 and 76 kPa). However, within 2 d after the cessation of N 2 bubbling through the seawater samples, the seawater O 2 concentrations in the 25-kPa-treated enclosures rapidly reached the levels achieved by the other two treatments (Fig. 2b) . Such rapid recovery in O 2 concentrations in the 25-kPa-treated enclosures is primarily due to the rapid flux of O 2 from the atmosphere. Since our interpretation focuses on results collected during the exponential growth period (days 9-14), the decrease in O 2 concentrations in the 25-kPa-treated enclosures in the earlier phase of the experiment probably does not affect our interpretation.
Population dynamics of phytoplankton-In all enclosures during the prebloom period (days 1-8), two phytoplankton taxa (microflagellates and cryptomonads) and two diatom species (Skeletonema costatum and Nitzschia spp.) accounted for approximately 90% of the phytoplankton community (Fig. 3a) . Microflagellates were by far the largest contributor, accounting for more than 50% of the Fig. 3. (a) Relative cell contributions (%) of the four major phytoplankton populations to the total phytoplankton during the bloom period (days 9-14) and (b) their cell concentration changes relative to their mean cell concentrations on day 8 (Cell DAY8 ) (i.e., prior to nutrient addition). Error bars for the relative cell abundance data in (a) are standard deviations from the mean cell populations for eight enclosures (two sets of triplicates, 25-and 41-kPa pCO 2 treatments; and one set of duplicates, 76-kPa pCO 2 treatment). The experiment period was split into the prebloom phase (days 1-8) and the bloom phase (days 9-14). (N) , silicate (Si), and phosphate (P) concentrations during the study period. The experiment period was split into the prebloom phase (days 1-8) and the bloom phase (days 9-14). Error bars represent the standard deviations of the mean results of the replicate enclosures. total phytoplankton community, followed by S. costatum, Nitzschia spp., and cryptomonads. The N concentration remained lower than 0.2 mmol kg 21 in all enclosures, which was the primary factor limiting phytoplankton growth during this period. After the addition of N and P on day 8, all mesocosms contained excess amounts of N and P throughout the remainder of the experiment (days 9-14) (Fig. 4d) . The Si concentration remained approximately 10 mmol kg 21 during the prebloom period and subsequently decreased to less than 2 mmol kg 21 during the exponential growth period. Under this nutrient-replete condition, both S. costatum and Nitzschia spp. showed significant increases in relative cell abundance and cell density in all enclosures (Fig. 3) . By contrast, the relative abundances and cell concentrations of microflagellates, which were the dominant phytoplankton taxa during the prebloom period, decreased substantially between day 8 and day 14 in all enclosures (Fig. 3) .
Although the seawater was filtered when the enclosures were filled on the first day of the experiment, some dinoflagellates were missed by the filtration process. Under the optimum nutrient conditions, these remaining dinoflagellates could potentially cause a decrease in the cell concentrations of microflagellates and cryptomonads. The presence of dinoflagellates was confirmed by the observation of five such organisms, Akashiwo sanguinea, Protocentrum triestinum, Protoperidinium bipes, Pleurobema pyriforme, and Scrippsiella trochoidea, in all enclosures throughout the experiment period. These dinoflagellates are known as mixotrophic (Jeong and Latz 1994; Jacobson and Anderson 1996; Stoecker et al. 1997 ). Although we did not attempt to quantify the dinoflagellate-induced grazing pressure on microflagellates, the presence of these dinoflagellates in all enclosures during the nutrient-replete period may explain, at least in part, the decrease in microflagellate cell concentrations during this period. By contrast, no herbivorous copepods that would graze on S. costatum and Nitzschia spp. were found in any of the enclosures, indicating that they were removed by the filtration process.
Production of POC, PON, and DOC-During the prebloom period, only a slight increase in the net growth of the phytoplankton population was observed in all enclosures, as reflected in the POC and PON concentrations (Fig. 4a,b) . Following the injection of N and P into all enclosures on day 8, the phytoplankton population increased exponentially and, as a result, the POC concentration increased substantially from a prebloom value of ,110 to ,270 mmol kg 21 at the height of the bloom (Fig. 4a) . Parallel to this, the PON concentrations in the enclosures also increased sharply from a prebloom value of ,16 to ,35 mmol kg 21 at the height of the bloom (Fig. 4b) . The variability of POC and PON productions among the enclosures was small during the N-depleted period and then increased as the bloom progressed. During the later stage of the exponential growth phase (days 11-14) , the increase in POC production was stoichiometrically related to the increase in PON production, causing the molar The growth rate for each enclosure was estimated using linear regression analysis of natural log transformed cell populations measured during the exponential growth period (days 9-14).
POC : PON ratio to remain constant (,7) (Redfield et al. 1963) (Fig. 5) .
Although the majority of photosynthetic production goes into the growth of phytoplankton, a fraction can leak out or be excreted as DOC (Carlson 2002) . During the prebloom period, the concentration of DOC was ,129 6 13 mmol kg 21 in all enclosures, and this concentration increased by only ,5 mmol kg 21 in all enclosures during the exponential growth phase (days 9-14) (Fig. 4c) . One can also construct the carbon mass balance during the exponential growth phase. The biological drawdown in dissolved inorganic carbon concentration (DC T-BIO ) within each enclosure equates to the combined production of particulate (DPOC) and dissolved (DDOC) organic carbon:
where DC T-BIO is calculated from the reduction in N concentration using the mean measured POC : PON ratio of 7.5. The N-based estimates of DC T-BIO for all enclosures are in reasonable agreement with the combined production of POC and DOC within 24% of the total production. The net production of DOC accounts for ,2% of the total POC production during the exponential growth period.
The effect of CO 2 on the phytoplankton growth rate-Our results suggest that there were no clear differences in POC accumulation across the pCO 2 treatments (Fig. 4a) , nor were there differences in DOC accumulation (Fig. 4c) . A possible explanation for this apparent lack of a CO 2 effect is that because changes in the POC and DOC pools represent changes in the entire phytoplankton community, they do not properly reflect a species-specific response to pCO 2 elevation.
To evaluate the response of each phytoplankton species to the pCO 2 manipulation, we examined the net growth rate of each phytoplankton species calculated from daily phytoplankton cell counts during the nutrient-replete period (days 9-14). Microzooplankton grazing on microflagellates and cryptomonads likely affected the cell concentrations of these organisms and, as a result, the present experiment was not adequate to test whether they show growth rate enhancement in response to increases in pCO 2 . Only the populations of two diatoms-S. costatum and Nitzschia spp.-increased substantially in response to the addition of N and P on day 8.
During the exponential growth period, a mean growth rate of S. costatum was 0.58 6 0.14 d 21 in the 25-kPa pCO 2 treatment, 0.43 6 0.07 d 21 in the 41-kPa pCO 2 treatment, and 0.87 6 0.19 d 21 in the 76-kPa pCO 2 treatment ( Fig. 6a ; Table 1 ). The difference in growth rate between 25-and 41-kPa pCO 2 treatments was not statistically significant (ANOVA, p 5 0.098); however, the growth rates under the 25-and 41-kPa pCO 2 treatment conditions did differ significantly from that of the 76-kPa pCO 2 treatment (ANOVA, p 5 0.038), indicating that S. costatum showed a response to the pCO 2 treatment. The pCO 2 -induced growth enhancement was calculated by dividing the average of the mean growth rates obtained for the 25-and 41-kPa pCO 2 treatments by the mean rate obtained for the 76-kPa pCO 2 treatment ([(m 25 + m 41 )/2 2 m 76 ]/m 76 3 100). In this calculation, we assumed that the mean growth rates obtained from both the 25-and 41-kPa pCO 2 treatments can be combined because the measured seawater pCO 2 values for the enclosures treated with 25-and 41-kPa pCO 2 differed on average by less than 6 kPa. By contrast, the measured seawater pCO 2 values for the 76-kPa pCO 2 treatments were on average 20 kPa higher than those for the 41-kPa treatments. The results of this calculation indicate that the mean growth rate of S. costatum increased by ,40% (625%) in response to a rise in pCO 2 levels, with other factors remaining constant. A similar growth rate enhancement under high pCO 2 conditions was observed in previous laboratory culture studies on the same species (Burkhardt and Riebesell 1997; Burkhardt et al. 1999) .
By contrast, Nitzschia spp. exhibited an approximately constant growth rate of 0.25 6 0.02 d 21 across all of the pCO 2 treatments ( Fig. 6b ; Table 1 ). The lack of significant differences in growth rate of Nitzschia spp. among the three treatments (ANOVA, p 5 0.871) indicates that the growth rate of this organism is insensitive to the seawater pCO 2 level. The different responses of S. costatum and Nitzschia spp. to seawater pCO 2 manipulation suggest that future increases in pCO 2 in the surface ocean could potentially change the structure of the diatom population. In the present mesocosm experiment, we examined the effect of varying pCO 2 levels on the net growth of a natural phytoplankton assemblage over a long period (14 d). The addition of N and P into all mesocosms on day 8 created an artificial bloom during the final phase of the experiment (days 9-14). Our results suggest that two diatom species in the phytoplankton assemblage responded differently when exposed to varying pCO 2 levels, with only S. costatum showing an enhanced growth rate in response to pCO 2 elevation.
